. These gases are the most toxic components in smog, which comprises a mixture of particulates, hydro carbons and oxides of nitrogen and sulfur. Smog is a seri ous environmental problem in many highly populated cities and countries and is especially harmful for people with heart and lung conditions. Indeed, cumulative expo sure to smog has been reported to increase the likelihood of premature death from respiratory diseases 3 . Smog can further react in the atmosphere to form tropospheric ozone and acid rain, which is known to have many adverse ecological effects, such as acidifying aquatic environments and damaging forests 4 . These effects, com bined with other environmental phenomena, can lead to greater impacts on our interconnected ecosystem 5 . Over the past few decades, awareness of the harmful effects of air pollution has been raised substantially, resulting in air quality being more closely monitored, pollution emissions being more strictly regulated and environmen tal legislation being updated more frequently. All these efforts have sparked the development of new and various emission control technologies, but mitigation of air pol lution is intrinsically a complex issue 6 . New technologies for desulfurization and denitrogenation are urgently required, and here, we focus on some recent advances in the use of porous metal-organic frameworks (MOFs) for the capture and removal of the air pollutants SO 2 and NO 2 . Although MOFs have been reported previously for hydrogen storage 7 and carbon dioxide capture 8 , their applicability to the capture of SO 2 and NO 2 is less well explored, especially for NO 2 . However, even within the limited examples available, some exciting results signpost the very large potential of MOFs as a platform technol ogy in this area. In this Review, we analyse and discuss the potential of MOFs compared with existing techno logies for the abatement of SO 2 and NO 2 and illustrate their unique design and synthetic flexibility, which afford great opportunities for the discovery and development of advanced functional materials.
SO 2 abatement
The largest source of SO 2 in the atmosphere comes from the burning of fossil fuels by power plants and other industrial facilities. Other sources of anthropo genic SO 2 emissions include industrial processes such as the extraction of metal from ore, shipping and other means of transportation, and heavy pieces of equipment that burn fuel with a high sulfur content 1 . Regulations to limit SO 2 emissions in stationary power generation and onroad and marine transport have become more stringent over time 9 . For example, for the marine trans port sector, which used to be one of the least regulated emission sources, the maximum sulfur content of the marine fuel used by ships operating in the sulfur emis sion control areas -the Baltic Sea, the English Channel and the North Sea -was restricted from 3.5% to 1.0% in July 2010 and further reduced to 0.1% in January 2015 (ref. 10 ). Compliance with these regulations there fore demands the development of efficient emission reduction technologies. Flue gas desulfurization (FGD) processes ( fig. 1 ) can be classified as oncethrough or Gas uptake (mmol g -1
)
Gas uptake (cc g -1 )
Clean gas Particulate removal
Cooling unit
To by-product system . After removal of fly ash by an electrostatic precipitator, the flue gas is bubbled through the reaction tank , also called a scrubber. The lime or limestone slurry is pumped in and sprayed from the top of the tank and reacts with the SO 2 in the flue gas to form insoluble CaSO 3 , which may be reacted further with oxygen to produce gypsum (CaSO 4 ·2H 2 O). b | FGD for the selective capture of SO 2 by metal-organic frameworks. c | Adsorption isotherms of SO 2 , CO 2 , CH 4 , N 2 , Ar, O 2 and H 2 in MFM-202a at 273 K at ambient pressure. The adsorption uptake of SO 2 is significantly higher than that of all the other studied gases, which indicates superior selectivity of MFM-202a towards SO 2 adsorption 24 . d | View of the crystal structures of MFM-300(Al)·(SO 2 ) 2 along the c axis, showing the alternate packing of adsorbent SO 2 (shown in the left panel) 38 ; detailed view of the binding of SO 2 in the functionalized cavity of MFM-300(Al) (shown in the right panel). Part c is adapted with permission from ref.
, ACS.
NAtURE REviEws | ChEMiSTRy regenerable, depending on the treatment of the sorb ent material after adsorption 11 . In oncethrough FGD processes, SO 2 is permanently bound to the sorbent, such as lime or limestone, and the resultant materials must be disposed of as a waste or used as a byproduct such as gypsum. Alternatively, regenerable materials can be used to capture SO 2 , which is then released and processed further to obtain a saleable end product such as elemental sulfur or sulfuric acid. The regenerated sorbent material is then reused for further absorption of SO 2 . Both wet and dry processes have been devel oped in each category. The selection and application of any FGD methodo logy result from careful considera tion of both technical and economic aspects to assure high efficiency of SO 2 capture, to minimize the use of energy and the production of waste, to lower the overall cost and to consider adoption of the same approach for different plants.
Among the various FGD technologies, the wet oncethrough method based upon lime and limestone scrubbing remains the most popular owing to its inher ent simplicity, the availability of limestone and its high removal efficiency 12 . In this case, an alkaline aqueous slurry of lime (Ca(OH) 2 ) or limestone (CaCO 3 ) is sprayed into the top of a flue gas scrubber vessel, where the SO 2 containing flue gas enters and reacts with finely ground lime or limestone particles to form sulfite or sulfate in the form of solid waste ( fig. 1a) . Although this FGD process is based upon simple principles, it requires complex equipment and operation because the incom plete oxidation of the calcium sulfite can cause scaling problems. Furthermore, this method generates a large amount of solid waste that contains CaSO 3 , CaSO 4 and CaCO 3 , which are normally disposed of in a landfill. For example, a typical limestonebased wet scrubber that processes flue gas at 680,000 m 3 h -1 with an SO 2 content of 289 kg h -1 produces 3,729 kg of solid waste per hour and 32,666 t yearly 13 . All oncethrough FGD technologies produce second ary pollutants, and this issue has driven the development of regenerable technologies in which the sorbent can be regenerated after SO 2 capture. Various regenerable methods for FGD have been developed, with the most widely used being the wet Wellman-Lord process 14 , in which SO 2 in the flue gas is captured by exploiting the effective equilibrium between sodium sulfite and sodium bisulfite (SO 2 + Na 2 SO 3 + H 2 O→2NaHSO 3 ). Most of the sodium bisulfite produced after absorption can be converted back into sodium sulfite upon heating. This conversion enables highly efficient removal of SO 2 and is flexible in terms of product selection; however, it requires rather sophisticated and expensive equipment. Other wet methods have been developed to overcome these drawbacks, including the Linde-Solinox process 15 (Ca(OH) 2 SO 4 ). Most of the wet meth ods involve high rates of adsorption and high retention efficiency of the sorbent. However, a major drawback is that a lot of energy is required to cool flue gases before adsorption and to reheat the sorbent for gas release.
The need for wet sludge handling also increases the capital and operational costs.
FGD based on regenerable dry methods can greatly reduce energy and water consumption because they do not require gas reheating. Furthermore, the dry nature of the products eliminates corrosion hazards and leads to simpler equipment design and lower capital cost 18 . The spraydrying process was initially proposed in the 1970s 19 and involves the reaction of SO 2 in the hot flue stream with the fine sorbent spray generated by rotary atomizers (2Na 2 CO 3 + 0.5O 2 + 2SO 2 →Na 2 SO 4 + Na 2 SO 3 + 2CO 2 ). This approach is currently the second most used FGD method after the wet limestone process. Various dry methods based on the catalytic oxidation of SO 2 have also been developed using metal oxide 20 or activated carbon 21, 22 . The effectiveness of these meth ods is determined by their ability to simultaneously act as SO 2 adsorbents and catalysts for SO 2 . The absorption capacity of SO 2 by activated carbon can be greatly affected by sample origin, porosity of the sorbent, surface functionality and the method of pretreatment. However, even in the presence of O 2 , the SO 2 uptake by most activated carbon materials is <5 mmol g −1 , which is less than half of the uptake for the best perform ing MOFs (see below) [24] [25] [26] . Owing to the amorphous nature of activated carbon and the lack of functional groups, the study of the catalytic oxidation of SO 2 at the carbon surface in the presence of O 2 and H 2 O is often limited to temperature programmed desorption (TPD) 27 . A sequence of reactions has been proposed in which SO 2 and O 2 react with the active site of the carbon sorbent to form C-O species, which then react with SO 2 to form SO 3 and regenerate the active site 28 . The carbon loss during regeneration due to the evolution of CO 2 and CO and the combustion of activated carbon remain substantial problems for this process. Thus, highly sta ble MOFs that exhibit superior adsorption capacities (12.3 mmol g −1 at 298 K and 1 bar) 26 , higher selectivity and full reversibility are valuable alternatives for SO 2 adsorption. Given the many combinations of metal ions and organic linkers that are available, MOFs offer a rich structural diversity and tuneable pore environments, thus enabling the synthesis of ad hoc materials for diff erent applications, which is difficult or impossible to achieve with other types of porous materials. to that of BPL carbon, whereas the other MOFs tested in this study showed negligible reten tion of SO 2 . Interestingly, an irreversible colour change was observed for MOF74(Zn) upon adsorption of SO 2 , which was assigned to the interaction of SO 2 with the fivecoordinate Zn(ii) centre species and/or with the potentially reactive hydroxy groups 29 .
Metal
Motivated by the previous work, the complexes MOF74(M) (M = Co, Mg, Ni or Zn) ( fig. 2a) were screened for their capacity to remove trace SO 2 (1,000 ppm) from air using fixedbed breakthrough experiments under both dry and humid conditions 30 . Under dry conditions, MOF74(Mg) shows higher SO 2 adsorption (1.60 mmol g −1 ) than MOF74(Co) (0.63 mmol g , but the presence of water was found to have a detrimental effect on both framework stability and SO 2 adsorption for all MOF74 series. The desorption branches of the breakthrough curves were reported only for MOF74(M) (M = Co, Ni or Zn), with MOF74(Co) showing the lowest desorption rate, sug gesting a stronger interaction between adsorbed SO 2 and Co than between absorbed SO 2 and either Ni or Zn. However, desorption data for the best performing MOF 74(Mg) were not reported, leaving uncertainty over the mechanism of action. The SO 2 capacity of MOF74(Zn) in this study 30 (0.256 mmol g -1 ) is notably lower than that reported previously 29 
, which is most likely a result of the different conditions under which these measurements were performed. For example, in the previous study, the SO 2 adsorption capacity was calculated from the dynamic breakthrough experiment that used a glass tube of 16 mm internal diameter packed with MOF to 10 mm in height, whereas the later study used significantly less sample packed up to 4 mm in a tube of 4 mm internal diameter, with the gas residence time being only 0.15 seconds in this latter case. Although the adsorption capacities were reported as per unit weight of samples, the complex effects of mass trans fer and adsorption kinetics can directly lead to different adsorption capacities when columns of different size and length are used. In addition, the operating temperature and gas flow rate varied for these two studies. For exam ple, the early study was conducted at 25 °C with a gas flow rate of 25 ml min -1 (ref.
29
), whereas the later one was run at 20 °C with a flow rate of 20 ml min -1 (ref.
30
), thus again affecting the observed adsorption capacity.
The organic linker can also influence the SO 2 adsorp tion capacity of MOFs. For example, microbreakthrough measurements have been performed to test the sorptive properties of UiO66ox, a UiO66 analogue featur ing free carboxylic acid groups ( fig. 2b ), when exposed to a gas stream containing SO 2 (ref. 31 ). Interestingly, UiO66ox shows an eightfold enhancement of the adsorption capacity of SO 2 in comparison with UiO66 (from 0.1 mmol g −1 to 0.8 mmol g −1 )
, and this was Pore volume was obtained by X-ray structural analysis.
NAtURE REviEws | ChEMiSTRy attributed to chemisorption of SO 2 to the free carboxylic acid groups in UiO66ox.
The stability of MOFs upon adsorption of SO 2 is crucial for reversible gas uptake. However, porous MOFs can show structural flexibility, as they may convert reversibly between a narrowpore phase and a largepore phase under external stimuli (for exam ple, temperature, pressure, guest inclusion and light) 32 . Thus, structural transitions of MOFs upon adsorption of SO 2 can lead to increased observed gas uptakes. For example, FMOF2, incorporating Zn(ii) ions with the fluorinated ligand 2,20bis(4carboxyphenyl)hex afluoropropane, exhibits hysteresis in the adsorptiondesorption of SO 2 consistent with a structural phase change 33 4 ] node connects to four different deprotonated ligands to give a tetrahedral 4c centre and vice versa to afford an overall diamondoid network 24 . It exhibits an excep tional SO 2 uptake of 13.6 mmol g −1 at 268 K and 1 bar. More interestingly, desolvated MFM202a shows step wise SO 2 adsorption and broadly hysteretic desorp tion, and an in situ PXRD investigation revealed that MFM202a undergoes an irreversible phase change to MFM202b ( fig. 2d ) upon adsorption of SO 2 . The phase change leads to an increase in pore volume owing to the formation of triple π-π interactions between the phe nyl rings on the backbone of MFM202b, which lead to an increase in the stability, SO 2 uptake and selectivity fig. 1c) . Thus, the SO 2 induced framework transition from MFM202a to MFM202b leads to both additional uptake and high SO 2 /CO 2 selectivity of 132 at 273 K and 84.5 at 293 K (ref.
24
).
Competitive adsorption of other gases can greatly affect SO 2 adsorption capacities, and in reverse, SO 2 may compete with the adsorption of other substrates such as CO 2 and hydrocarbons. Although adsorption selectivity can be readily estimated by analysing singlecomponent isotherms, understanding this selectivity at a molecular level is highly challenging. To date, there have been few reports on the in situ characterization of SO 2 adsorption processes in MOFs 36 . An SO 2 uptake of 9.97 mmol g −1 at 298 K and 1.1 bar has been reported for [Ni(bdc)(ted) 0.5 ] (bdc 2-= benzene1,4dicarboxylate ted = triethylenedi amine). In situ infrared spectroscopy was used to study host-guest interactions 37 and revealed that SO 2 is weakly absorbed in two domains of the pore, as indicated by major peaks at 1,326 cm -1 and 1,144 cm −1
. Minor addi tional species characterized by peaks at 1,242 cm -1 and 1,105 cm −1 persist within the framework upon removal of SO 2 . Access of CO 2 into the pores is blocked by the more strongly bound SO 2 , the sulfur and oxygen cen tres of which were suggested to interact with the metalcarboxylate units and the C-H groups of the organic linker, respectively.
The first direct observation of SO 2 within the pores of a MOF was in MFM300(Al) (SO 2 uptake of 8. A comprehensive investigation of SO 2 binding has been carried out in the isostructural MFM300(In) 39 . This MOF exhibits a high SO 2 uptake of 8.28 mmol g −1 at 298 K and 1 bar, and more importantly, predictions based on ideal adsorbed solution theory revealed excep tional SO 2 /CO 2 = 60 and SO 2 /N 2 = 5,000 selectivities for equimolar mixtures at 298 K and 1 bar. The host-guest interactions were also investigated using a combina tion of in situ single crystal and powder diffraction, synchrotron microIR and INS. As for MFM300(Al), two independent binding domains for SO 2 were found in MFM300(In). The O = S = O(II)···S = O(I) distances in MFM300(In) were comparable to those in the crystal structure of solid SO 2 (3.10-4.49 Å), confirming the efficient packing of SO 2 molecules in MFM300(In). The competitive binding of SO 2 -CO 2 mixtures were investigated by microIR spectroscopy, which showed that SO 2 in the gas phase can readily displace CO 2 in the pores as a result of the stronger binding with SO 2 , thus validating the exceptionally high selectivity of MFM 300(In) towards SO 2 . Interestingly, MFM300(In) has recently been coated solvothermally onto a function alized capacitive interdigitated electrode (IDE) to form an advanced chemical capacitive sensor for the detec tion of SO 2 (ref. 40 ). The IDEs were fabricated on a sili con wafer with a 2 μm oxide layer, which was thermally grown for electrical isolation. A layer of 10 nm Ti and 300 nm Au was first deposited by physical vapour dep osition, followed by photolithography to pattern the electrodes. Thin films of the MFM300(In) were then grown solvothermally from the reaction solution onto the surface of the prefunctionalized IDE chips. This sensor shows exceptional detection sensitivity to SO 2 at concentrations down to 75 ppb, with the detection limit around 5 ppb. More importantly, it also exhibits opti mal detection selectivity to SO 2 in the presence of other small gas molecules, such as CO 2 , CH 4 , N 2 and NO 2 . The excellent framework stability of MFM300(In), its opti mal adsorption capacity and selectivity to SO 2 pave the way for the development of future MOFbased sensors for a wide range of applications, particularly for porta ble applications owing to the potential high detection sensitivity of MOFs.
More recently, the dense packing of SO 2 clusters was also reported for SIFSIX materials, which are copper coordination networks constructed by inorganic hexa fluorosilicate anions, SiF 6 2-, and heterocyclic organic linkers 25 . SIFSIX1Cu (1 = 4,4ʹbipyridine) shows an ultrahigh SO 2 adsorption capacity of 11.0 mmol g −1 at 298 K and 1 bar owing to its unique pore chemistry, which enables the absorption of four SO 2 at 0.002 bar) and SO 2 /CO 2 selectivities of 86-89, con firming its potential in removing trace SO 2 from gas mixtures 25 . Breakthrough experiments with SO 2 -N 2 and SO 2 -CO 2 mixtures have confirmed the excellent perfor mance of these MOFs that simultaneously afford high adsorption capacity at very low pressures, separation efficiency and materials stability. Although it is not cur rently possible to predict how MOFs might be applied to FGD on an industrial scale, a deep molecularlevel understanding of the SO 2 adsorption mechanism of MFM300(M) (M = Al, In) and the SIFSIX materials has not been achieved previously for any sorbent mate rial. Very recently, the zirconiumbased MFM601 was reported to show the highest SO 2 uptake capacity at 298 K and 1 bar of 12.3 mmol g −1 , and the binding domains for adsorbed SO 2 and CO 2 molecules in MFM 601 were determined using in situ synchrotron Xray diffraction experiments 26 . 41 . Unlike SO 2 emission, which is mainly generated from stationary power plants, approximately half of the NO x emission comes from automobiles, whereas electric power plants contribute only ~20% to the total NO x emission 42 . Other NO x sources include industrial boilers, incinerators, gas turbines and steel mills. NO x abatement can be effected by simply decreasing NO x production and preventing pollution 41 . For example, the combustion peak tem perature and fuel residence time can be decreased by using an excess of fuel and air, such that less NO x is gen erated. NO x production can also be limited by replacing air with oxygen in the combustion process, thus avoid ing nitrogen as a reactant, or by using fuel with ultra low nitrogen content. However, these types of controls used on their own are not sufficient, and a reduction in NO x emissions will involve addon technologies. A wide range of addon controls based on different operating principles are available for all types of combustion sys tems, and satisfactory destruction or removal efficiency (DRE) can be achieved especially when many of these methods are combined and integrated. Three main principles have been applied for the design of addon control technologies: a chemical reduction in NO x , the oxidation of NO x followed by absorption of the oxi dized product and the direct absorption of NO x using sorbent materials 43 . Among all the methods for NO x removal ( fig. 3) , selective catalytic reduction (SCR), in which NO x in exhaust gas is reduced to N 2 by ammonia, urea or hydro carbons, is the most effective and established method, with DREs greater than 90% 44 ( fig. 3a) . A variety of materials have been explored and applied as catalysts for SCR since the 1970s, and these are often based on TiO 2 supported V 2 O 5 -WO 3 and/or V 2 O 5 -MoO 3 (ref.
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In these formulations, V 2 O 5 is catalytically active for NO x reduction, even at low loading (<1% w/w). WO 3 or MoO 3 are employed in larger amounts (~10%) to increase the thermal stability of the catalyst, minimize loss of surface area and inhibit transformation of TiO 2 from anatase to rutile. TiO 2 anatase is an excellent support compared with other oxides such as Al 2 O 3 and ZrO 2 , mainly because it is only partially and reversi bly sulfated by SO 2 in the exhaust gas. Furthermore, the wide dispersion of V 2 O 5 on the TiO 2 surface gives rise to isolated vanadyl centres, which play a crucial role in achieving high catalytic activity. Despite com prehensive studies on reaction stoichiometry, kinetics, mechanisms of catalysis and byproduct generation of the SCR process, several drawbacks remain, such as high initial cost, finite lifetime of the catalyst and prob lems associated with ammonia loss without reaction with NO x . In addition to metal oxides, other materials such as noble metals (for example, Pt, Pd and Rh) 46 , zeolites (for example, Fe − and Cudoped ZSM5) 47 and activated carbons 48 have also been investigated as SCR catalysts. It is also worth noting that zeolites and activated carbon 49 can both physisorb NO 2 into their porous structure and simultaneously act as cata lysts for their chemical transformation into other Ncontaining species.
Despite intensive study over the past few decades, there is still no single technology that is optimal for all combustion systems. It should also be noted that NO 2 is an important feedstock for chemical industries as a nitrating agent for organic compounds 50 , as an inhib itor in acrylate polymerization 51 and as a sterilization or bleaching agent 52 . Therefore, an ideal NO 2 capture system should not only afford high capacity, selectivity and stability but also reversibility to enable the release of the absorbed NO 2 for further use. Gas adsorption by MOFs, which is based on supramolecular host-guest interactions, is a promising approach that combines high reversibility and low energy penalties for system regeneration. However, there are even fewer reports on the use of MOFs for NO 2 absorption than for SO 2 absorption. This is mainly a result of the highly reactive and corrosive nature of NO 2 , which leads to framework degradation and decomposition. 53, 54 . However, upon contact with NO 2 under dry or wet conditions, the PXRD of these materials confirm their partial decom position, accompanied by a 90% reduction in total BET surface area. Differential thermogravimetric and Fourier transform infrared (FTIR) spectroscopic studies reveal that the adsorbed NO 2 preferentially reacts with the Cu centre in the framework to form a bidentate nitrate. This reaction leads to cleavage of the Cu-O bond or bonds, inducing the loss of microporous volume and collapse of the main structure 53 . Similarly, two Zr(IV) based MOFs, UiO66 and UiO67 (ref.
Metal
55 ) (constructed from hexamers of 12coordinate [ZrO 6 (OH) 2 ] moie ties and benzene1,4dicarboxylate or diphenyl4,4ʹ dicarboxylate linkers, respectively), which are known for their high stability towards moisture and acid, also showed a significant reduction in BET surface areas and a loss in crystallinity after NO 2 adsorption. This result is particularly relevant for UiO67, which completely loses crystallinity upon exposure to NO 2 under both dry and wet conditions. Amine modification of these two MOFs was undertaken by the incorporation of urea or melamine moieties into the bridging ligand structures 56 . Although surface species were formed owing to the interaction of NO 2 with the amines in the MOFs, NO 2 adsorption capacities were not enhanced, and a sub stantial loss of BET surface area was still observed after contacting with NO 2 . Another analogue of UiO66 fea turing free carboxylic acid groups, UiO66ox 31 exhibits a significantly higher adsorption capacity (8.4 mmol g −1 ) than that of UiO66 (3.8 mmol g −1 ), as measured in microbreakthrough experiments. This outcome is possibly a result of the strong interaction between NO 2 and the free carboxylic acid group in the framework, as supported by FTIR spectroscopic studies. However, the PXRD results confirm that structural degradation www.nature.com/natrevchem occurs upon exposure to NO 2 . The aminefunctionalized UiO66, that is, UiO66NH 2 (ref. 57 ), has shown extre mely high NO 2 adsorption capacities of 20.3 mmol g −1 and 31.2 mmol g −1 under dry and humid conditions, respectively. These adsorption capacities are signifi cantly higher than the theoretical adsorption capa city based upon the crystal structure of this material and cannot be explained by conventional adsorption theory 58 . Various techniques, including FTIR, NMR, DRIFTS and Xray photoelectron spectroscopy (XPS), confirm that once adsorbed, the NO 2 reacts with the amine group to form a diazonium ion. NO 2 , HNO 2 and HNO 3 can react further, most likely with the bridging oxo, to form nitrate ions. Interestingly, these reactions are localized within the material, and PXRD analyses do not show any major framework bond cleavage. UiO66 and UiO67 have also been doped with Ce(iii), aim ing at favourable NO 2 adsorption by introducing more active sites 59 . The obtained CeUiO66 and CeUiO67 exhibit moderately increased NO 2 uptake compared with that of the parent UiO66 and UiO67; however, both structural decomposition and rearrangement of the MOF host occur upon adsorption of NO 2 , as confirmed by PXRD.
It is worth noting that the dynamic adsorption capa cities reported in the literature have all been obtained 
Dimensionless time τ
Dimensionless time τ 8,000 10,000 12,000 from breakthrough or microbreakthrough experi ments with NO 2 being diluted in a carrier gas (N 2 or He) ( Table 2) . Such an approach enables us to evaluate and predict the performance of a MOF in reallife and indus trial applications. However, comparisons of adsorption capacities derived from different breakthrough and microbreakthrough experiments are subject to large uncertainties and variations owing to the use of different experimental conditions, variations in temperature, flow rate, carrier gas, NO 2 concentrations, amount of material used, particle size, reactor size and configuration. Thus, notable variations in reported NO 2 adsorption capacities are often observed for a given MOF, for example, with a difference as large as 22fold reported for HKUST1 (refs 53,57 ). Therefore, direct measurements of the NO 2 isotherms (without a carrier gas) provide a straight forward route for comparing the absolute adsorption uptakes between different materials.
The first isothermal adsorption of NO 2 in a MOF, MFM300(Al), was reported only in 2018 (ref. Importantly, MFM300(Al) exhibits an exceptionally high adsorption capacity (14.1 mmol g −1 ), with a selec tivity of 18.1 for NO 2 over SO 2 , 248 for NO 2 over CO 2 and >10,000 for NO 2 over N 2 for equimolar mixtures at 298 K and 1.0 bar (fig. 3b) . MFM300(Al) has also been used successfully in dynamic breakthrough experiments to separate NO 2 in both dry and wet conditions from a range of gas mixtures relevant to largescale applica tions ( fig. 3d) . The unprecedented reversible adsorption of NO 2 in the robust MFM300(Al) has been confirmed by synchrotron PXRD, FTIR spectroscopy, electron paramagnetic resonance (EPR) spectroscopy and INS coupled with DFT and molecular dynamic calcula tions. These experimental and simulation techniques enable the direct visualization of the binding domains, dynamics of host-guest interactions, reactivity and fig. 3c ). Interestingly, both in situ FTIR spectroscopy and kinetic synchrotron PXRD experiments confirmed the capture of both the monomer and dimer of NO 2 within the pores of MFM300(Al). The in situ equilib rium 2NO 2 ↔N 2 O 4 within the pores of MFM300(Al) is found to be pressureindependent, whereas ex situ, this equilibrium is an exemplary pressuredependent firstorder process. EPR studies confirm the absence of electron transfer from NO 2 to the MOF, directly support ing the observed unusual reversibility of NO 2 uptake and the stability of the framework. Indeed, MFM300(Al) is ultrastable upon NO 2 adsorption, with no changes in the PXRD pattern after five cycles of NO 2 adsorptiondesorption at room temperature, thus confirming full retention of the absorption capacity over multiple cycles. The high structural stability and facile regeneration of this material postadsorption offer exciting and impor tant potential in the adsorptive removal of NO 2 using MOFs for a wide variety of applications.
Conclusions and perspectives
Clean air is essential for the development of a sustaina ble and environmentally friendly economy. The current global reliance on fossil fuel is unlikely to be replaced completely by a clean resource over the coming decades; this is not least because of the established infrastructure for energy recovery and utilization. Powerful drivers therefore exist for the development of new functional materials that can mitigate or reduce emissions of harm ful gases arising from combustion processes. As emerg ing solid sorbents, MOFs show notable advantages and unique properties for selective gas adsorption and sepa ration over stateoftheart techniques based upon more traditional materials.
Applications of MOFs for the capture and seques tration of SO 2 and NO 2 are still in their infancy, espe cially for NO 2 . However, their exceptional design flexibility and structural diversity and the already vast database of MOFs (currently over 60,000 structures in the Cambridge Crystallographic Database) provide an excellent platform to drive future studies in the search of efficient capture systems that afford high capacity, selectivity, stability and reversibility in operation. The measurement of adsorption isotherms of pure gas at ambient conditions (298 K and 1.0 bar) will enable direct comparison of the absolute adsorption capacity between different materials at thermodynamic equi librium, which is influenced by the fundamental hostguest interactions and physiochemical nature of the host material. Breakthrough experiments are of importance to evaluate the performance of the materials under real life, dynamic conditions. However, unlike the isotherm measurement, which is determined, in principle, only by pressure and temperature, the dynamic breakthrough adsorption is influenced by a variety of experimental conditions, including the quantity, particle size and packing efficiency of the sample, the size and geome try of the reactor, the concentration and the flow rate of the gas stream, in addition to the operating temperature and pressure of the fixed bed. Moreover, the kinetics of adsorption also play a key role in breakthrough experi ments, and its impact on the dynamic adsorption capac ity can be difficult to quantify. This makes it difficult to compare selected materials on the basis of the dynamic adsorption capacity.
The recent successes detailed in this Review further strengthen the idea of applying MOFs for SO 2 and NO 2 removal. However, in order to work with such cor rosive and reactive molecules, the porous host must show exceptional stability by retaining its structure, surface area and adsorption capacity under both dry and humid gas contact over many cycles. The materials need to be tested by both static adsorption-desorption cycles and dynamic breakthrough experiments of long durations to validate stability and performance. The proven excellent selectivity among substrates is one of the biggest advantages of using MOF materials over more established and longstanding sorbents. By tar geting adsorption of a specific gas of interest, effective and efficient use of pore space and/or of active sites can be established.
Because it is important to consider desorption to evaluate the energy efficiency of the overall process, regeneration of the host material and followon con versions of the adsorbed gas are critically important. Multiple moderatetoweak MOF-gas supramolecular interactions offer great promise for full reversibility and optimization of the adsorption-desorption pro cess. Ideally, future solidsorbentbased technologies will involve small changes in pressure or temperature that will alternatively activate adsorption and desorp tion, allowing facile capture and release of the gas with minimum energy consumption. This, coupled with the production of zero solid waste and reduced environmen tal impact, gives MOF materials enormous potential as new sorbents for clean air. The potential high production cost of MOFs remains a substantial hurdle for their wide applications, but the recent establishment of numerous spinout and custom synthesis companies reflects a com mercial optimism that MOFs can and will be utilized at an industrial scale.
Published online 1 February 2019
NAtURE REviEws | ChEMiSTRy
